INTRODUCTION
============

Wound healing is a dynamic biological process involving inflammation, re-epithelialization, angiogenesis and granulation-tissue formation. Growth factor receptors, as in the case of insulin-like growth factor-1 receptor (IGF1R), when bound by their ligands, initiate signaling cascades that culminate in the modulation of various cellular processes that are essential for wound healing, including cell proliferation, metabolic alterations, survival and differentiation ([@b56-0050375]). Critical to the initiation and progression of these events are adaptor proteins, such as insulin receptor substrate (IRS) proteins, that serve as scaffolding proteins linking the activated receptors (e.g. IGF1R) to their downstream effectors, such as the phosphatidylinositol-3-kinase (PI3K) and RAS-Erk pathways ([@b11-0050375]).

An IGF1-IGF1R signaling axis plays crucial and diverse roles in tissue development and function. It regulates cell cycle progression, apoptosis, immunity, inflammation and metabolism ([@b51-0050375]). Administration of IGF1 has been shown to improve insulin sensitivity, lower the risk of type 2 diabetes, and preserve β-cell mass and function ([@b39-0050375]). Moreover, the IGF1 pathway also seems to protect against oxidative stress and the development of aging-related non-melanoma skin cancer ([@b33-0050375]). To this end, it was proposed that altered IGF1 actions might contribute to the pathogenesis of a wide range of health conditions, including several common cancers ([@b28-0050375]), osteoporosis ([@b66-0050375]), autoimmune diseases ([@b51-0050375]), insulin resistance ([@b39-0050375]) and atherothrombosis ([@b17-0050375]).

A panoply of evidence supports the idea that IGF1 utilizes the same signaling intermediates as those seen within the insulin signaling cascade, which indicates that common mechanisms might function in IGF1 resistance and insulin resistance, with the latter phenomenon being extensively studied in the context of type 2 diabetes, Cushing syndrome and in vivo or in vitro exposure to supraphysiological concentrations of glucocorticoids ([@b46-0050375]; [@b21-0050375]). One important mechanism contributing to insulin resistance is the inhibition of IRS1 activation through phosphorylation at several inhibitory serine residues, including Ser307, Ser312 and Ser612 ([@b11-0050375]). Oxidative stress and inflammation might serve as common mediators in promoting the IRS serine phosphorylation, possibly through a JNK-dependent pathway ([@b55-0050375]).

Diabetes and hypercortisolemia represent major risk factors for the development of chronic non-healing wounds, with an annual cost of billions of dollars in the United States alone, often requiring many months of continuous treatment, with high recurrence rates. Although the exact pathophysiological mechanisms contributing to the aforementioned phenomenon are yet to be elucidated, it is thought that reduced responsiveness of cells at the wound site, especially fibroblasts, to the action of growth promoting polypeptides could contribute to delayed wound healing, at least when diabetes is also involved ([@b5-0050375]; [@b20-0050375]; [@b18-0050375]). Similarly, enhanced reactive oxygen species (ROS) concentrations have also been shown to evoke disturbances in collagen biosynthesis, wound healing and IGF1 signaling ([@b50-0050375]; [@b49-0050375]; [@b44-0050375]). There is evidence of increased ROS levels and decreased levels of expression and action of IGF1 in diabetic wounds ([@b7-0050375]; [@b64-0050375]).

The current study examined the emerging premise that heightened state of oxidative stress (HSOS) constitutes a convergence nexus for the development of IGF1 resistance and impaired wound healing under different but pathophysiologically relevant clinical settings, i.e. diabetes, inflammation and hypercortisolemia. Moreover, the impact of the key ROS suppressors EUK-134 and α-lipoic acid (LA) on IGF1-mediated wound responses in the aforementioned conditions were also considered.

RESULTS
=======

Rat fibroblasts with phenotypic features of diabetes and hypercortisolemia exhibit impaired IGF1-induced activation of PI3K-Akt signaling
-----------------------------------------------------------------------------------------------------------------------------------------

In fibroblasts, one of the major target cells of IGF1 during wound healing, we analyzed key intracellular molecules within the IGF1 signaling pathway using immunoprecipitation, western blotting and ELISA-based techniques. In control rat fibroblasts, 50 ng/ml IGF1 induced rapid and strong activation of IRS1, as evidenced by the phosphorylation of Tyr612, which is essential for IRS1 activation and to generate a docking site for the downstream PI3K ([Fig. 1A](#f1-0050375){ref-type="fig"}). Consistent with the previous results, IGF1 also increased the activity of PI3K and promoted the phosphorylation of Akt at Ser473 in these cells ([Fig. 1B--D](#f1-0050375){ref-type="fig"}). By contrast, this sequence of events was impaired in fibroblasts with phenotypic features of diabetes and hypercortisolemia ([Fig. 1A--D](#f1-0050375){ref-type="fig"}). Because we were not able to detect baseline levels of p-Akt or p-JNK (please see below) reproducibly using western blotting, a fast activated cell-based (FAC) ELISA kit (Active Motif) was applied, with the resulting data documenting a significant decrease in the p-Akt:Akt ratio in the aforementioned disease-based models of fibroblasts ([Fig. 1E](#f1-0050375){ref-type="fig"}).

![**Impaired IGF1 signaling in fibroblasts that have phenotypic features of diabetes, inflammation or hypercortisolemia.** Fibroblasts with phenotypic characteristics of type 2 diabetes (Diab) and those of control fibroblasts treated chronically with either vehicle (Cont), TNFα (4 ng/ml every day for 4 days) or dexamethasone (Dexa; 20 ng/ml every other day for 8 days) were serum starved for 24 hours prior to treatment for 15 minutes with IGF1 (50 ng/ml). EUK-134 was applied concomitantly with Dexa or TNFα at 100 μM, a concentration that seems to have an optimum therapeutic benefit with a minimum detrimental effect on cell viability. (A,B) Whole-cell protein extracts from IGF1-treated cells were immunoprecipitated with IRS1 and probed with anti-p-IRS1 (Tyr612) (A) or anti-p85α (B) antibody. The membranes were stripped and reprobed with anti-total-IRS1 antibody. (C) PI3K activity in total protein extracts of IGF1-treated cells was determined using an ELISA-based assay (Echelon Biosciences). (D) Phosphorylated (p-Akt-Ser473) and total Akt in protein extracts of IGF1-treated cells were determined using a western-blotting-based technique. (E) Basal expression levels of Akt and its phosphorylated form (p-Akt-Ser473) in paraformaldehyde-fixed cells were quantified using FAC ELISA assays (Active Motif). Experiments were performed in triplicate on each of the cell lines used (*n*=4 for each). Results represent the means ± s.e.m. \*Significantly different from corresponding control values at *P*≤0.05; \*\*significantly different from corresponding DMSO-treated Diab, TNFα or Dexa values at *P*≤0.05.](DMM007872F1){#f1-0050375}

siRNA-mediated downregulation of JNK activity ameliorated the defect in PI3K-Akt-dependent signaling during diabetes and hypercortisolemia
------------------------------------------------------------------------------------------------------------------------------------------

The impairment in the IRS1-PI3K-Akt signaling cascade described above in response to IGF1 prompted us to investigate the underlying mechanism of this phenomenon, and we initially focused on the phosphorylation of serine residues of IRS1, in particular p-Ser307. IRS1 p-Ser307 serves as a negative feedback regulator by ablating the ability of IRS1 to activate PI3K-dependent pathways ([@b53-0050375]). Our data revealed that the level of IRS1 p-Ser307 was higher in fibroblasts with diabetic (2.1-fold) and hypercortisolemic (1.57-fold) phenotypes when compared with corresponding normal control values ([Fig. 2A](#f2-0050375){ref-type="fig"}). Interestingly, enhanced phosphorylation of IRS1 Ser307 has also been observed in other conditions of insulin resistance, such as obesity ([@b53-0050375]), pregnancy ([@b47-0050375]) or type 2 diabetes ([@b43-0050375]).

IRS1 contains numerous serine/threonine phosphorylation sites in amino acid sequence motifs, including Ser307, which is assessed in the present study. This amino acid is potentially recognized by different kinases, including the ROS-sensitive JNK ([@b57-0050375]). Accordingly, we measured the ratio of p-JNK:JNK as an indicator of the activity of this MAPK-kinase-based enzyme using a FAC ELISA kit (Active Motif) and found it to be enhanced in each of our models of IGF1 resistance (fold change vs control: diabetes 1.66, hypercortisolemic 1.53; [Fig. 2B](#f2-0050375){ref-type="fig"}).

A gene silencing technique was used to evidence the participation of JNK in the development of IGF1 resistance during diabetes and hypercortisolemia. In this context, cultured fibroblasts were transfected with a silencing RNA \[small interfering RNA (siRNA)\] sequence directed against *JNK* mRNA, and the effectiveness of this strategy was evaluated using real-time PCR. A significant reduction in *JNK* at the mRNA level was demonstrated 24 hours following transfection, and this effect continued for up to 48 hours ([Fig. 2C](#f2-0050375){ref-type="fig"}). As a control for the silencing specificity and for off-target effects, cells were also transfected with a commercially available non-silencing siRNA-like sequence (NS-siRNA), which does not recognize any eukaryotic sequence ([Fig. 2C](#f2-0050375){ref-type="fig"}). The data derived from these studies revealed that silencing JNK in diabetic or hypercortisolemic fibroblasts resulted in a marked decrease in the level of IRS1 p-Ser307 ([Fig. 2D](#f2-0050375){ref-type="fig"}) concomitantly with enhanced IGF1-mediated activation of PI3K-Akt-dependent signaling ([Fig. 2E,F](#f2-0050375){ref-type="fig"}). These findings give credence to the notion that augmented JNK activity contributes significantly to the impairment in IGF1 actions during diabetes and hypercortisolemia.

Oxidative stress inhibits IGF-mediated PI3-Akt signaling but activates the JNK--p-IRS1 (Ser307) axis
----------------------------------------------------------------------------------------------------

We next examined whether a common mechanism contributes to the JNK--p-IRS1 (Ser307)-induced impairment of IGF1 signaling during diabetes and hypercortisolemia. The initial focus was on ROS, which are by-products of mitochondrial respiration and enzymatic oxidases. These radicals have been shown to contribute to the development of insulin or IGF1 resistance in numerous cells and tissues, including muscles, liver, adipocytes and chondrocytes ([@b9-0050375]; [@b10-0050375]; [@b26-0050375]; [@b24-0050375]). Our approach in addressing the above premise included: first, the confirmation that fibroblasts with phenotypic features of diabetes and hypercortisolemia exhibit high levels of ROS; second, the documentation that an induction of a state of chronic oxidative stress in normal fibroblasts might associate with both enhanced activity of p-IRS1 (Ser307) and a defect in IGF1-mediated activation of PI3K-Akt-dependent signaling; and, finally, the demonstration that ROS suppressors such as LA and EUK-134 ameliorate IGF1 resistance in diabetic or hypercortisolemic fibroblasts (see below). ROS levels in the current study were assessed by determining oxidation of the redox-sensitive dye DCF-DA. This probe is converted into a fluorescent product (DCF) on reaction with H~2~O~2~, hydroxyl radicals, nitric oxide or peroxynitrite ([@b37-0050375]). The resulting ROS signal normalized to total cell number was markedly elevated in fibroblasts that had phenotypic features of diabetes and hypercortisolemia, compared with controls ([Fig. 3A](#f3-0050375){ref-type="fig"}). Moreover, we also found that protein carbonyl levels, a marker of cumulative oxidative stress, were likewise increased in these disease states ([Fig. 3B](#f3-0050375){ref-type="fig"}). The chronic model of oxidative stress was induced in cultured normal fibroblasts by perturbation of the glutathione redox cycle {cells were serially passaged while exposed to regular treatment with 10 μM L-buthionine-\[S,R\]-sulphoximine (BSO), an inhibitor of glutathione synthesis} ([@b31-0050375]). The data derived from these studies recapitulated most of the abnormalities related to ROS ([Fig. 3C](#f3-0050375){ref-type="fig"}) and IGF1 signaling ([Fig. 3D](#f3-0050375){ref-type="fig"}) during diabetes and hypercortisolemia. Indeed, we have shown that cultured fibroblasts with a phenotypic feature of HSOS exhibit a marked elevation in the activity of the JNK--p-IRS (Ser307) axis ([Fig. 3D](#f3-0050375){ref-type="fig"}). By contrast, IGF-mediated activation of PI3K-Akt-dependent signaling was suppressed in these cells ([Fig. 3D](#f3-0050375){ref-type="fig"}).

Diabetes- or hypercortisolemia-induced attenuation of IGF1 signaling alters wound-related fibroblast functions
--------------------------------------------------------------------------------------------------------------

To investigate the mechanistic basis underlying the contribution of oxidative-stress-induced IGF1 resistance to impaired tissue repair mechanism during diabetes and hypercortisolemia, we used cultured dermal fibroblasts exhibiting the aforementioned pathogenetic features and studied key indices that are essential for wound healing, including collagen production and cell proliferation, migration and contraction. A BrdU cell proliferation assay revealed that treatment of control fibroblasts with IGF1 (50 ng/ml) for 24 hours caused an ∼fivefold increase in BrdU incorporation compared with the medium-only control ([Fig. 4A](#f4-0050375){ref-type="fig"}). This action of IGF1 in inducing DNA synthesis was reduced in diabetic or hypercortisolemic fibroblasts by about 46 and 36%, respectively ([Fig. 4A](#f4-0050375){ref-type="fig"}).

A radiolabelled proline uptake assay was used to study the impact of IGF1 on collagen synthesis in fibroblasts of different models of oxidative-stress-induced IGF1 resistance. The data revealed that, in control fibroblasts, IGF1 increased collagen synthesis by about 63%, a phenomenon that was markedly impaired in fibroblasts with diabetic (↓ 38%) or hypercortisolemic (↓ 41%) phenotypes ([Fig. 4B](#f4-0050375){ref-type="fig"}). Consistent with these results, a TaqMan real-time PCR demonstrated that the increase in *COL1A1* mRNA expression by IGF1 was also suppressed in these cells \[[Fig. 4C](#f4-0050375){ref-type="fig"}; diabetic (Diab) ↓ 43%, hypercortisolemia (Dexa) ↓ 53%\].

![**Genetic inhibition of JNK activity ameliorates the enhancement in p-IRS1 (Ser307) and the defect in PI3K-Akt-dependent signaling during diabetes and hypercortisolemia.** (A) Whole-cell protein extracts of control (Cont), diabetic (Diab), dexamethasone (Dexa)- or TNFα-treated fibroblasts were immunoprecipitated with anti-IRS1 and probed with anti-p-IRS (Ser307). The membranes were stripped and reprobed with anti-total-IRS1 antibody. (B) Basal expression levels of JNK and its phosphorylated form (p-JNK) in paraformaldehyde-fixed fibroblasts were quantified using FAC ELISA assays (Active Motif). (C) Cells were transfected with 25 nM si-*JNK*, as indicated in the Methods, and the level of *JNK* mRNA was measured using TaqMan real-time PCR. The value of expression relative to that of mock controls (cells treated with transfection reagent only) was normalized against 18S rRNA. (D--F) Fibroblasts with phenotypic features of diabetes or hypercortisolemia were transfected with 25 nM si-*JNK* 48 hours before exposure to vehicle or IGF1 (50 ng), and cell lysates were collected and used for the assessment of (D) p-IRS1 (Ser307), (E) PI3K activity or (F) p-Akt:Akt ratio as described in the Methods. EUK-134 was applied at 100 μM, a concentration that seems to have an optimum therapeutic benefit with a minimum detrimental effect on cell viability. Experiments were performed in triplicate on each cell line used (*n*=4 for each). Results represent the means ± s.e.m. \*Significantly different from corresponding Cont values at *P*≤0.05; \*\*significantly different from corresponding DMSO/mock-treated Diab, TNFα or Dexa values at *P*≤0.05.](DMM007872F2){#f2-0050375}

We next examined the ability of IGF1 to reduce a floating collagen gel matrix, an indicator of cell contraction, with the resulting data confirming that the weights of the gels were higher in diabetic (twofold) and hypercortisolemic (1.47-fold) fibroblasts, as compared with corresponding control values ([Fig. 4D](#f4-0050375){ref-type="fig"}). Finally, we assessed the ability of fibroblasts to migrate in response to IGF1 in each of our models of oxidative-stress-induced IGF1 resistance. In this context, a linear scratch was made in a fibroblast monolayer reaching confluence using a pipette tip, and fibroblast migration into the wounded area in the presence or absence of IGF1 was monitored over 24 hours. IGF1-induced migration in dermal rat fibroblasts was markedly reduced as a function of diabetes (↓ 58%) and hypercortisolemia (↓ 47%) ([Fig. 4E](#f4-0050375){ref-type="fig"}).

![**Oxidative stress inhibits IGF-mediated PI3-Akt signaling but activates the JNK--p-IRS1 (Ser307) axis.** (A,B) Fibroblasts from a rat model of type 2 diabetes (Diab) and control fibroblasts treated chronically with either vehicle (Cont), TNFα (4 ng/ml every day for 4 days) or dexamethasone (Dexa; 20 ng/ml every other day for 8 days) were used for the evaluation of the status of oxidative stress, as represented by the level of ROS and protein-bound carbonyls. (A) ROS generation of cells cultured in 96-well plates was measured using the fluorescence probes DCF-DA (5 μM). Values are expressed as DCF fluorescence after 1 hour of incubation normalized to total cell number derived by propidium iodide (PI) fluorescence in the presence of 160 μM digitonin (PIDI). (B) Protein-bound carbonyl levels in total cell extracts were determined using an ELISA-based technique. (C,D) Fibroblasts with phenotypic features of HSOS induced by BSO (10 μM) were used for the determination of the level of ROS and protein-bound carbonyls, and key elements of IGF1 signaling. (C) ROS and protein-bound carbonyl levels were measured as described above. (D) Whole-cell protein extracts were used for the assessment of the ratio of p-IRS1 (Ser307):IRS1 (immunoprecipitated with anti-IRS1 and probed with anti-p-IRS1 (Ser307), stripped and reprobed with ant-IRS1), the ratio of p-Akt (Ser473):Akt (western blotting) and PI3K activity (ELISA). In addition, the ratio of p-JNK:JNK in paraformaldehyde-fixed cells was quantified using FAC ELISA assays (Active Motif). EUK-134 or LA was applied at 100 μM (EUK) or 500 μM (LA), concentrations that seem to have an optimum therapeutic benefit with a minimum detrimental effect on cell viability. Experiments were performed in triplicate on each cell lines used (*n*=4 for each). \*Significantly different from corresponding Cont values at *P*≤0.05; \*\*significantly different from corresponding DMSO-treated Diab, TNFα or Dexa values at *P*≤0.05.](DMM007872F3){#f3-0050375}

TNFα in cultured fibroblast initiates cellular responses that mimics those produced by diabetes and dexamethasone-induced hypercortisolemia
-------------------------------------------------------------------------------------------------------------------------------------------

The above data clearly indicated that HSOS, IGF1 resistance and in vitro impaired wound healing are characteristic features of diabetes and dexamethasone-induced hypercortisolemia. Dexamethasone signals through a nuclear hormone receptor and is known for its anti-inflammatory effect. Interestingly, TNFα, a proinflammatory cytokine exerting an effect through a cytokine membrane receptor, has also been shown to be associated with insulin resistance under various clinical and experimental settings ([@b35-0050375]; [@b25-0050375]). Accordingly, we decided to test the premise that TNFα, which has a distinct and very different signaling pathway from that of dexamethasone, might mimic the various cellular responses induced by hypercortisolemia. The current finding supports this proposition because it showed evidence for IGF1 resistance ([Fig. 1A--E](#f1-0050375){ref-type="fig"}), HSOS ([Fig. 3A,B](#f3-0050375){ref-type="fig"}) and impaired in vitro wound healing ([Fig. 4A--E](#f4-0050375){ref-type="fig"}) in control fibroblasts exposed chronically to TNFα.

ROS suppressors ameliorate oxidative-stress-induced IGF1 resistance and impaired wound healing in diseased fibroblasts
----------------------------------------------------------------------------------------------------------------------

To assess whether a cause and effect relationship exists between ROS and impaired wound healing or IGF1 resistance, we used selected ROS suppressors: the small antioxidant molecules LA and EUK-134. EUK-134 is derived from a compound with SOD activity that has been modified to obtain a strong catalase activity and it diffuses freely through the plasma membrane. By contrast, LA exhibits dual effects in which it scavenges ROS and enhances the expression of endogenous antioxidant enzymes ([@b52-0050375]). The data related to these studies clearly demonstrated that these antioxidants were able to lessen the HSOS ([Fig. 3A,B](#f3-0050375){ref-type="fig"}) and to correct the defect in IGF1 signaling ([Fig. 1A--E](#f1-0050375){ref-type="fig"}, [Fig. 2A,B](#f2-0050375){ref-type="fig"}) in fibroblasts with diabetic, inflammatory or hypercortisolemic phenotypes. Moreover, in the aforementioned disease states, this treatment also ameliorated the impairment in key fibroblast functions that are essential for wound healing ([Fig. 4A--E](#f4-0050375){ref-type="fig"}), including cell proliferation ([Fig. 4A](#f4-0050375){ref-type="fig"}; EUK-134/LA vs DMSO % increase: Diab 43/52, Dexa 30/47, TNFα 27/N.D.), collagen synthesis (EUK-134/LA vs DMSO % increase: [Fig. 4B](#f4-0050375){ref-type="fig"}, Diab 52/68, Dexa 42/65, TNFα 47/N.D.; [Fig. 4C](#f4-0050375){ref-type="fig"}, Diab 54/41, Dexa 55/42, TNFα, 46/ND), cell contraction ([Fig. 4D](#f4-0050375){ref-type="fig"}; EUK-134/LA vs DMSO % decrease: Diab 30/39, Dexa 25/45, TNFα, 27/N.D.) and cell migration ([Fig. 4E](#f4-0050375){ref-type="fig"}; EUK-134/LA vs DMSO % increase: Diab 69/84, Dexa 39/66, TNFα 65/N.D.).

![**Key fibroblast functions that are essential for wound healing are altered as a function of diabetes, low-grade inflammation and hypercortisolemia.** Fibroblast from a rat model of type 2 diabetes (Diab) and control fibroblasts treated chronically with either vehicle (Cont), TNFα (4 ng/ml every day for 4 days) or dexamethasone (Dexa; 20 ng/ml every other day for 8 days) were serum starved for 24 hours prior to treatment with IGF1 (50 ng/ml) and used for the assessment of collagen synthesis and cell proliferation, contraction and migration. EUK-134 and LA were used at concentrations of 100 μM and 500 μM, respectively. (A) BrdU incorporation into DNA in cells cultured in 96-well plates was used as an indicator for the determination of the rate of cell proliferation. (B) Radiolabelled proline uptake by cells cultured in 24-well plates was used as an indicator for the measurement of the rate of collagen synthesis. (C) TaqMan real-time PCR conducted on cDNA of cells cultured in six-well plates was used in the determination of the rate of COL1A1 expression. (D) The weight of floating collagen gel matrix of cells cultured in 24-well plates was used for the quantification of the rate of cell contraction. (E) An in vitro scratch wound assay of cells cultured in six-well plates was used to assess the rate of cell migration. Experiments were performed in triplicate for each of the four cell lines (*n*=4 for each). Results represent the mean ± s.e.m. \*Significantly different from corresponding Cont values at *P*≤0.05; \*\*significantly different from corresponding DMSO-treated Diab, TNFα or Dexa values at *P*≤0.05.](DMM007872F4){#f4-0050375}

###### 

EUK-134 improves lipid and carbohydrate profiles in female diabetic and hypercortisolemic rats

![](DMM007872T1)

Effects of IGF1 diminution on glucose disposal and cutaneous wound healing during diabetes and hypercortisolemia
----------------------------------------------------------------------------------------------------------------

This study was intended to extend the above-described observations from cellular levels to in vivo models of excisional wounds and IGF1 resistance. Initial data confirmed that diabetic or hypercortisolemic animals exhibited a marked increase in fasting plasma insulin, free fatty acid and glucose \[only in Goto Kakizaki (GK) rats, a model for non-obese type 2 diabetes\] levels when compared with corresponding control values ([Table 1](#t1-0050375){ref-type="table"}). As for the GK rats, we have established previously that these animals exhibited hepatic and skeletal muscle insulin resistance in connection with increased key markers of oxidative stress ([@b9-0050375]; [@b10-0050375]), features that were mimicked in animals with hypercortisolemia (our unpublished observations).

Next, the rapid insulin sensitivity test (RIST) was used to assess IGF1 sensitivity (e.g. total amount of glucose, mg/kg body weight needed to maintain euglycemia following IGF1 infusion), whereas the rate of healing was evaluated using a 7-day-old full-thickness dermal wound. Our data revealed that IGF1 sensitivity was markedly reduced as a function of diabetes (↓ 34%) and hypercortisolemia (28%) ([Fig. 5A](#f5-0050375){ref-type="fig"}). This impairment in IGF1 systemic action in the aforementioned disease states was significantly improved following EUK-134 and LA treatment ([Fig. 5A](#f5-0050375){ref-type="fig"}; EUK-134/LA vs vehicle % increase: Diab 31/42, Dexa 25/36). As for our in vivo wound healing studies, we showed that the 7-day diabetic or hypercortisolemic wounds were larger than corresponding control values ([Fig. 5B,C](#f5-0050375){ref-type="fig"}). IGF1-based therapy involving IGF1 and IGFBP1 at a ratio of 5:1 accelerated the closure of cutaneous wounds by about 41% in control animals ([Fig. 5B,C](#f5-0050375){ref-type="fig"}). This favorable effect of IGF1 on the healing process was eliminated in diabetic or hypercortisolemic animals ([Fig. 5B,C](#f5-0050375){ref-type="fig"}). More interestingly, pretreatment with EUK-134 restored the sensitivity of diabetic or hypercortisolemic wounds to the action of IGF1 ([Fig. 5B,C](#f5-0050375){ref-type="fig"}). A similar finding was also observed using the other well-known antioxidant, LA. Consistent with these in vivo results, we also confirmed that cells isolated from 7-day-old diabetic or hypercortisolemic wounds showed a characteristic feature of HSOS, as exemplified by the increased levels of ROS and protein-bound carbonyls ([Fig. 5D](#f5-0050375){ref-type="fig"}). To this end, our data support the notion that HSOS during diabetes and hypercortisolemia contributes, at least in part, to the impairment in wound tissue sensitivity to the action of IGF1.

Overall, our data could lead to a number of predictions: firstly, a clinical condition associated with IGF1 resistance and impaired wound healing might also exhibit evidence of increased ROS levels, and secondly, diseases that elicit HSOS (e.g. diabetes, hypercortisolemia, inflammation) are likely to cause IGF1 resistance and impaired wound healing. Obviously, further studies need to be conducted in this regard.

DISCUSSION
==========

An indolent non-healing wound constitutes a major health problem that predisposes individuals to infection, long-term morbidity and mortality, especially in those in high-risk groups, including the elderly and those with diabetes or hypercortisolemia ([@b6-0050375]; [@b58-0050375]; [@b30-0050375]; [@b36-0050375]). Accordingly, there is an urgent need firstly to understand the underlying mechanisms of this phenomenon and secondly to develop an effective strategy to accelerate the processes of tissue repair under various conditions of impaired wound healing. In this connection, wound healing and tumor growth share many common features ([@b19-0050375]) and it would thus be of value to take advantage of the emerging information of growth promoting signaling pathways in cancer cells (e.g. PI3K-Akt-GSK pathway) for the benefit of understanding and treating impaired wound healing during diabetes and hypercortisolemia.

The current study showed that IGF1-induced activation of the PI3K-Akt pathway was attenuated in fibroblasts that had phenotypic features of diabetes or hypercortisolemia. By contrast, an enhancement in the activity of the ROS--JNK--p-IRS1 (Ser307) axis was evident in these disease states. The in vitro and in vivo functional relevance of IGF1 resistance was illuminated by our findings documenting that IGF1-induced collagen synthesis, cell proliferation and in vitro repair of a scratch wound was reduced in fibroblasts exhibiting diabetic or hypercortisolemic phenotypes. Interestingly, the ability of this growth-promoting polypeptide to stimulate cutaneous ulcer healing was also impaired as a function of diabetes or hypercortisolemia. Most of the aforementioned abnormalities were ameliorated following the institution of antioxidant or Akt mimetic therapy.

Oxidative stress is involved in the development of endothelial dysfunction, insulin resistance and impaired wound healing ([@b9-0050375]; [@b26-0050375]; [@b45-0050375]). IGF1R and its ligand are expressed during the course of wound healing and are implicated in re-epithelialization and granulation-tissue formation in skin wounds ([@b56-0050375]; [@b3-0050375]). In addition, IGF1R, like the insulin receptor, utilizes the PI3K--Akt--GSK-3β-dependent pathway ([@b56-0050375]; [@b3-0050375]). Accordingly, we examined the premise that ROS constitute a common convergence nexus in the induction of IGF1 resistance and possibly impaired wound healing (see below) under different but pathophysiologically relevant clinical settings, i.e. diabetes and TNFα- or dexamethasone-induced inflammation and hypercortisolemia, respectively. In this context, control fibroblasts exposed chronically to dexamethasone exhibited HSOS (e.g. ↑ ROS, ↑ protein-bound carbonyls) in addition to becoming IGF1 resistant, as evidenced by an impaired ability of IGF1 to stimulate the PI3K-Akt-dependent pathway. Intriguingly, in addition to elevating ROS in control fibroblasts, TNFα, which is known to have a quite distinct cellular response pathway from that of dexamethasone, also led to IGF1 resistance. Analogous data were obtained using cultured fibroblasts retrieved from GK diabetic rats. Collectively, these data are consistent with the notion that ROS might be a key feature in the aforementioned three models of IGF1 resistance. Indeed, a genome-wide gene expression analysis of cultured fibroblasts with phenotypic features of diabetes, inflammation or hypercortisolemia revealed that a substantial fraction of the overlapping expressed genes among these cell lines are related to the biology of ROS (our unpublished observations). The current findings are somewhat relevant to previously reported results showing disturbances in IGF1R signaling in cultured human dermal fibroblasts exposed chronically to the oxidative-stress-inducing agent tert-butyl hydroperoxide ([@b49-0050375]). These oxidative-stress-based abnormalities are not unique to cultured fibroblasts: sublethal doses of hydrogen peroxide attenuated the neuroprotective effect of IGF1 in cultured cerebellar granule neurons ([@b65-0050375]). Moreover, the ability of IGF1 to stimulate PI3K-Akt signaling is markedly suppressed in tert-butyl-hydroperoxide-treated human cultured chondrocytes ([@b63-0050375]). It is worth noting that 3T3-L1 adipocytes and l6 myotubes exposed to various stress-related insults also develop resistance to the action of insulin ([@b26-0050375]; [@b24-0050375]).

![**Effects of IGF1 on glucose disposal and cutaneous wound healing in control (Cont), diabetic (Diab) and hypercortisolemic (Dexa) animals.** (A) IGF1 sensitivity as indicated by the rate of glucose metabolism was evaluated in Cont, Diab (GK rats, a genetic model of type II diabetes) and Dexa (Wistar rats receiving 5 μg Dexa/kg/day, subcutaneously) animals using the RIST with IGF1 (200 μg/kg) infused for 5 minutes instead of insulin. (B,C) Full-thickness excisional wounds induced in Cont, Diab and Dexa animals were subjected to IGF1 and IGFBP1 pluronic acid gel-based therapy. Wound closure was studied at 7 days following wound initiation. (C) Photographs of the macroscopic kinetic analysis of wound sites were taken. (B) Quantitation of data from C, demonstrating the proportion of wound remaining open relative to the initial wound area at the 7-day time point following injury. EUK-134 (12.5 mg/kg) or LA (50 mg/kg) were administered by i.p. injection every other day for 30 days prior to wound induction and this form of therapy continued during the course of wound healing. Similarly, animals used in the IGF1 sensitivity studies were also subjected for 30 days to EUK-134 and LA treatment. (D) Cells isolated from the 7-day diabetic or hypercortisolemic wounds were assessed for oxidative stress using fluorescence- and ELISA-based technique. Results are expressed as the mean ± s.e.m. of six to eight animals/group. \*Significantly different from corresponding Cont values at *P*≤0.05; \*\*significantly different from corresponding DMSO-treated Diab and Dexa animals at *P*≤0.05; ^a^significantly different from corresponding Cont saline-treated values at *P*≤0.05; ^b^significantly different from corresponding saline-treated Diab or Dexa values at *P*≤0.05; ^c^significantly different from corresponding control IGF1-treated values at *P*≤0.05; ^d^significantly different from corresponding IGF1-treated Diab or Dexa values at *P*≤0.5.](DMM007872F5){#f5-0050375}

The above-described findings raised a number of issues that necessitate further investigation, as discussed below.

What downstream processes translate elevated ROS levels into IGF1 resistance?
-----------------------------------------------------------------------------

ROS seem to alter various intracellular processes involving phospholipase C, Foxo, p53, MAPK and other proteins in a cell-type-specific manner. One prediction to consider in the current study is that ROS induce IGF1 resistance via a JNK--p-IRS1 (Ser307)-mediated mechanism. In this vein, oxidative stress is known to activate JNK and this MAPK-based molecule seems to phosphorylate the Ser307 residue of IRS1 ([@b1-0050375]; [@b23-0050375]). The latter molecule, through its interference with PI3K recruitment, inhibits the PI3K-Akt-dependent pathway. Contrastingly, suppression of JNK activity through genetic knockout or an inhibitory peptide improves insulin sensitivity in mice and in cultured cells ([@b4-0050375]; [@b32-0050375]; [@b54-0050375]). Our studies documented that JNK activity and the levels of IRS1 p-Ser307 were elevated in each of the three models of IGF1 resistance. To this end, it is not unreasonable to suggest that the impairment in IGF1 signaling during diabetes (GK fibroblasts), inflammation (TNFα-treated fibroblasts) and hypercortisolemia (dexamethasone-treated fibroblasts) might stem from ROS-induced activation of the JNK--p-IRS1 (Ser307) axis. A documentation regarding this cause and effect relationship between ROS and IGF1 resistance is best illuminated by the marked improvement in IGF1 sensitivity following the administration of the ROS suppressors EUK-134 and LA. Moreover, we also showed that a chronic model of oxidative stress induced in cultured fibroblasts by perturbation of the glutathione redox cycle \[cells were serially passaged while being exposed to regular treatment with 10μM BSO, an inhibitor of glutathione synthesis ([@b31-0050375])\] recapitulated most of the abnormalities seen in IGF1 signaling during diabetes, inflammation and hypercortisolemia.

What is the functional relevance of the ROS-mediated attenuation in fibroblast IGF1 signaling during diabetes, inflammation and hypercortisolemia?
--------------------------------------------------------------------------------------------------------------------------------------------------

This notion was examined by assessing key fibroblast functions that are essential for wound healing, namely collagen synthesis and cell proliferation, migration and contraction. Some of these cellular processes have been shown to respond to IGF1 and seem to be regulated by the PI3K--Akt--GSK-3β network ([@b40-0050375]; [@b12-0050375]; [@b13-0050375]). Our data disclosed that, in control fibroblasts, IGF1 promoted collagen deposition and enhanced cell proliferation and contraction. Moreover, using the scratch wound assay for in vitro repair, we were able to demonstrate that IGF1 induced wound closure in these cells via a PI3K-dependent mechanism (here we used PI-103, a selective class I PI3K inhibitor). Interestingly, the responses of most of these wound-related processes to IGF1 were impaired in fibroblast of type 2 diabetes and in control fibroblast treated chronically with dexamethasone or TNFα. These findings harmonize well with recently published data confirming that blockade of Akt using pharmacological inhibitors, siRNA and a dominant-negative Akt mutant led to inhibition of basal collagen production in cultured dermal fibroblasts ([@b12-0050375]). Similarly, a skin derived from *Akt^−/−^* mice exhibited impaired matrix organization with reduced amounts of collagen ([@b14-0050375]), a characteristic feature that is not dissimilar from those seen during diabetes. A pharmacological strategy (e.g. EUK-134) intended to suppress ROS partially restored wound IGF1-mediated responses. To this end, we believe that our data point to the possibility that ROS, by inducing IGF1 resistance, contribute at least in part to the impaired fibroblast functions during diabetes, inflammation and hypercortisolemia. Consistent with this concept, we have shown that, as with IGF1 singling, a chronic model of oxidative stress induced in cultured fibroblasts by tert-butyl hydroperoxide or BSO recapitulated most of the abnormalities seen in fibroblast functions in each of the three models of IGF1 resistance (data not shown).

What are the mechanisms involved in the induction of HSOS in diabetic, inflammatory and hypercortisolemic fibroblasts?
----------------------------------------------------------------------------------------------------------------------

In this regard, we have shown recently that the elevation in ROS levels during diabetes stems from a marked increase in the activity and/or expression of NADPH oxidase, an impaired mitochondrial electron transport chain and a defect in the Nrf2 signaling pathway ([@b8-0050375]). Further studies dealing with the above issue are currently under consideration in our laboratory.

We sought next to extend the in-vitro-based cellular observations to in vivo models of IGF1 resistance and impaired wound healing typified in the current study by type 2 diabetic or hypercortisolemic animals. Application of IGF1 in combination with IGFBP1 at a molar ratio of 5:1 to dorsal excisional wound of control animals significantly enhanced ulcer healing when compared with corresponding vehicle-treated values, a finding that harmonizes with previously reported results using the same method of application ([@b29-0050375]). This beneficial effect of IGF1 in accelerating the healing process was not evident in type 2 diabetic or hypercortisolemic animals. Similarly, IGF1-induced glucose metabolism, assessed by the RIST protocol, was also attenuated in these disease states. We reasoned that, as in cultured fibroblasts, the in vivo impairment in IGF1 actions during diabetes and hypercortisolemia might result partially from an augmented ROS--p-IRS1 (Ser307) axis. Indeed, the current data documenting that the ROS suppressors EUK-134 and LA restored wound IGF1 sensitivity and accelerated cutaneous wound healing in the aforementioned disease states strongly support this hypothesis. A further credence for the above finding is the recent data showing that a synthetic uric acid analog with free radical scavenging properties accelerated the healing process in mice ([@b16-0050375]). Obviously, more in-depth studies should be conducted into the interrelationship between the IGF1 signaling pathway and the ROS--JNK--p-IRS1 (Ser307) axis in diabetic, inflammatory and hypercortisolemic wounds.

Overall, the data described in this manuscript support the concept that HSOS induces IGF1 resistance both in vitro (reflected by an attenuation in the PI3K-Akt signaling pathway) and in vivo (reflected by an impairment in glucose disposal), and that this phenomenon might contribute, at least in part, to impaired wound healing under numerous clinical settings, including diabetes, inflammation and hypercortisolemia. This proposition gains further credibility when viewed in the context of previous reports showing that the PI3K-Akt pathway is overactivated in sclerodermic fibroblasts as well as in other chemically or genetically related fibrotic disorders ([@b62-0050375]). It also identifies the PI3K-Akt cascade as a future therapeutic target for the treatment of non-healing or chronic skin wounds, and of fibro-proliferative related disorders.

METHODS
=======

Primary dermal fibroblast isolation, cell culture and drug treatment
--------------------------------------------------------------------

Primary dermal fibroblasts were obtained from the dorsal skin of female Goto Kakizaki (GK; age 12--15 months) rats, a model for non-obese type 2 diabetes, and their Wistar control counterparts. After sterilization in povidone solution, rat skin was washed in sterile water and rinsed in 70% ethanol in phosphate-buffered saline (PBS). Epidermis and dermis were separated following overnight incubation in 0.25% trypsine/EDTA at 4°C. Dermis was cut into small pieces and incubated in Dulbecco's modified Eagle medium (DMEM; Invitrogen) containing collagenase (250 U/ml; Sigma) for 30 minutes at 37°C in 5% CO~2~ with constant agitation. The sections were triturated vigorously to release fibroblasts, which were collected by centrifugation. The cell pellet was washed twice with PBS, resuspended in complete medium \[DMEM supplemented with 10% fetal calf serum, penicillin (100 U/ml), streptomycin (100μg/ml), 2 mM L-glutamine and 10 mM HEPES\] and then cultured under a standard conditions.

A hypercortisolemic state was mimicked by exposing control fibroblasts to dexamethasone (Dexa; Sigma) administered at 20 ng/ml every other day for a duration of 8 days. Similarly, the state of low-grade inflammation in fibroblasts was recapitulated experimentally by exposing these cells to TNFα (4 ng/ml every day for 4 days). EUK-134 (Cayman) and LA (Sigma) were most effective in cultured fibroblasts at 100 μM and 500 μM, respectively: doses that seem to have a minimum effect on cell viability as determined by the WST-based technique (Roche Diagnostics). The concentration of IGF1 (50 ng/ml; Peprotech) was determined by a prior dose-response experiment and was somewhat similar to that used previously in fibroblasts and other cells ([@b15-0050375]; [@b27-0050375]; [@b63-0050375]).

IGF1 signaling studies
----------------------

Levels and/or activities of key intracellular molecules in the IGF1 signaling cascade \[IRS1, p-IRS1 (Tyr612), PI3K-p85α, p-IRS1 (Ser-307), PI3K, Akt, p-Akt, JNK and p-JNK\] were assessed using western blotting alone or in combination with immunoprecipitation ([@b10-0050375]). Briefly, cells were lysed with RIPA buffer supplemented with a protease/phosphatase inhibitor cocktail. Proteins or IRS1-based immunoprecipitants were then separated using 7.5--15% SDS-PAGE, transferred to nitrocellulose membrane and incubated overnight at 4°C with primary antibodies \[IRS1, p-IRS1 (Tyr612), p-IRS1 (Ser307), PI3K-p85α, Akt, p-Akt; all from Cell Signaling). After incubation with secondary antibodies, proteins were detected by enhanced chemiluminescence.

Protein extraction and assessment of PI3K class IA activity
-----------------------------------------------------------

PI3K activity was measured using PI3K ELISA (Echelon Biosciences). This kit was used in connection with anti-p85 PI3K antibody, and it measures class IA PI3K activity as a conversion of PtdIns(4,5)*P*~2~ into PtdIns(3,4,5)*P*~3~. Briefly, cells were lysed using buffer A containing 1% NP40 and protease inhibitors, incubated on ice for 30 minutes and then centrifuged at 14,000 ***g***. Following the step of immunoprecipitation of the supernatants with anti-p85 PI3K antibody and protein A/G-agarose beads, the kinase reaction was carried out according to the specifications provided by the manufacturers.

FAC ELISA assay
---------------

The levels of total and phosphorylated Akt and JNK were determined using FAC ELISA assays (Active Motif) according to the manufacturer's protocol. Briefly, fibroblasts derived from various experimental groups were fixed at room temperature in 3.7% paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na~2~HPO~4~ and 1.4 mM KH~2~PO~4~) for 20 minutes. After washing and quenching the endogenous peroxidase activity with 1% hydrogen peroxide, the cells were blocked for 1 hour and then incubated with anti-p-Ser473-specific Akt or anti-p-Thr-183/Tyr-185-specific JNK primary antibody. The same procedure was repeated using antibodies against total Akt and JNK. After a washing step, HRP-conjugated secondary antibody was added for 1 hour at room temperature. Subsequently, the chemiluminescence was measured using a GloMax luminometer (Promega). After chemiluminescence readings were recorded, the number of cells in each well was quantified by crystal violet staining, determining absorbance at 595 nm. The cell density per well was used to normalize chemiluminescence readings and the basal phosphorylation status in each cell line was calculated by dividing the active phospho-protein-specific antibody with that of total-protein-specific antibody. The final data related to the various cell lines were expressed as a fold of change vs control (e.g. normal fibroblast cell line).

mRNA real-time PCR
------------------

Total RNA from cells or frozen wound tissues was extracted using Trizol reagent (Invitrogen) and the integrity of the RNA was verified by gel electrophoresis. Total RNA was reverse transcribed and then amplified using TaqMan Assay on Demand (Applied Biosystems) in a 25 μl reaction volume containing two unlabeled primers and a 6-carboxyfluorescein-labeled TaqMan MGB probe and a Master Mix. Amplified sequences were assessed using the ABI 7500 Prism Sequence Detection system machine. GAPDH or 18S was used for normalizing between individual samples. The results were expressed as mRNA levels corrected for 18S or GAPDH in each sample.

siRNA transfection
------------------

Expression of JNK was inhibited by siRNA oligonucleotides. The sequences were designed and synthesized by Qiagen. The best silencing efficiency was obtained by incubating 2.0×10^5^ cells/well in a six-well plate with complexes formed by 5 nM siRNA (1 μl) and 9 μl of HiPerfect transfection reagent (Qiagen) dissolved in 90 μl medium, according to the manufacturer's instructions. The transfection was achieved by adding 0.9 ml of medium to the seeded cells followed by 100 μl of siRNA/HiPerfect complex. 24 hours later, 1 ml of fresh medium was added; 48 hours after transfection, the cells were exposed to either vehicle or IGF1. Knock-out efficiency was verified by real-time PCR and ELISA-based assay.

Assessment of key indices related to HSOS
-----------------------------------------

ROS generation in cultured fibroblasts were evaluated using dichlorofluorescein-diacetate (DCF-DA; Molecular Probes), a probe that is oxidized to the fluorescent product DCF on exposure to hydrogen peroxide, peroxynitrite, hydroxyl radicals or nitric oxide. Its concentration serves as an indicator of the overall degree of intracellular oxidative stress ([@b2-0050375]). Cells seeded in 96-well plates were incubated for 30 minutes at 37°C in the dark in media containing 5 μM of DCF-DA. The plates were then washed twice with Krebs Ringer Buffer (KR) to eliminate the excess DCF-DA. Formation of ROS was detected by measuring the fluorescence absorbance (485-nm excitation and 530-nm emission) by a plate reader (Promega, E9032). Subtracted background values were obtained from wells containing DCF-DA without cells. All the values of ROS were normalized to the total number of cells using a propidium-iodide-based assay. Protein-bound carbonyl levels in fibroblasts, a marker of cumulative oxidative stress, were determined using a previously published procedure ([@b60-0050375]).

Chronic model of oxidative stress
---------------------------------

To induce a state of heightened oxidative stress, cultured dermal fibroblasts were exposed for four passages to a non-toxic concentration (10 μM) of BSO, an inhibitor of glutathione synthesis ([@b22-0050375]). In a preliminary study, we found that this dose of BSO is capable of increasing the intracellular levels of ROS, assessed using DCF-DA, with no or a minimum effect on cell viability. BSO was added to the culture medium 48 hours after seeding and then every 2--3 days at the time of feeding.

Assessment of key fibroblast functions essential for wound healing
------------------------------------------------------------------

The proliferation and collagen synthesis of cultured fibroblasts were determined using, respectively, the 5-bromo-2′-deoxyuridine (BrdU) incorporation into DNA and a radiolabelled proline uptake assay. For cell proliferation, fibroblasts were seeded onto 96-microtiter plates at a concentration of 1.5×10^4^ and allowed to adhere overnight in DMEM supplemented with 10% FCS. After arrest by incubation in DMEM supplemented with 0.5% FCS for 24 hours, cells were exposed to IGF1 (50 ng/ml) in DMEM containing 10 μM BrdU (BrdUrd). Incorporation of BrdUrd into DNA was estimated using a BrdU labeling and detection kit (Roche Applied Science) according to the manufacturer's instructions. Similarly, for collagen synthesis, confluent fibroblast monolayer was prepared in a 24-well plate and cultured overnight in media supplemented with 10 mM HEPES, 0.1% serum, 2 mM L-proline and 50 μg/ml ascorbic acid. Thereafter, the media was replaced with a fresh media containing 5 μCi/ml ^3^H L-proline (New England Nuclear) and IGF1 (50 ng/ml), and the incubation continued for 24 hours. Synthesis of collagen and non-collagen protein was expressed, respectively, as collagenase-soluble and collagenase-insoluble count per minute. A correction factor of 5.4 for non-collagen protein was used to adjust for the relative abundance of proline and hydroxyproline in collagen.

For in vitro wounding (migration) experiments, cultured fibroblasts were grown in six-well plates until they reached confluence. Medium was removed, and cells were rinsed and then cultured for 24 hours in serum-free medium plus 0.1% BSA. The monolayer was artificially injured by scratching across the plate with a pipette tip, washed to remove detached cells and then cultured in serum-free medium in the presence of mitomyocin C (10 μg/ml) to prevent cell proliferation. After 24 hours, images of the scratched area under various experimental conditions were photographed. Scratch wound area was measured and the percentage of wound closure was measured according to the following formula: \[1 -- (current wound size/initial wound size)\] × 100. Finally, fibroblast contraction assay was evaluated according to previously published procedure ([@b34-0050375]).

Animal models and treatment
---------------------------

All animal procedures were performed in accordance with the NIH Guidance for the Care and Use of Laboratory Animals. The current study used the GK and dexamethasone-treated rats as models for diabetes and hypercortisolemia, respectively. Detailed information regarding the GK rats as an animal model for non-obese type II diabetes has already been described in our previous publications ([@b9-0050375]; [@b10-0050375]). Dexamethasone was administered subcutaneously at a dose of 2.5 μg/kg body weight in the morning (8:00 AM) and in the evening (8:00 PM) for a duration of 4 weeks before wounding, and this form of therapy continued during the course of healing. Preliminary studies involving a concentration-dependent curve revealed that the aforementioned dose of dexamethasone chosen was effective in inducing IGF1 resistance and also in impairing the healing process without a significant effect on body weight. Weight- and age-matched female Wistar rats (Kuwait University breeding colony) served as the corresponding controls. All of the animals were maintained under standard conditions with a 12-hour on/off light cycle, commercial diet and water ad libitum. GK rats destined for wounding were initially matched with regards to body weight (e.g. 230--250 g), and plasma levels of glucose, free fatty acids and insulin. These indices are commonly used to reflect the severity of the diabetic state.

Animals used for IGF1 sensitivity (*n*=6/group) and wound healing (*n*=8) studies were partitioned into five study groups: control, diabetic, hypercortisolemic, diabetic + EUK-134 and hypercortisolemic + EUK-134. EUK-134 was administered for a duration of 4 weeks before wound induction and administration continued during the course of healing. Preclinical studies have shown that intraperitoneal (i.p.) administration of EUK-134 prevented HSOS, attenuated kainate-induced neuropathology and protected against paraquat pneumotoxicity in rat models at a dose of 10 mg/kg body weight ([@b41-0050375]; [@b48-0050375]). EUK-134 at a dose of 12.5 mg/kg body weight every other day seems to be most effective in our wound healing studies. We also used LA, an ROS scavenger/antioxidant enzyme inducer, at a dose of 50 mg/kg body weight/day ([@b10-0050375]; Bitar et al., 2010).

###### TRANSLATIONAL IMPACT

**Clinical issue**

Non-healing wounds and insulin resistance constitute cardinal features of diabetes, inflammation and hypercortisolemia. Approximately 15% of all individuals with diabetes will at some time have a non-healing wound despite insulin treatment and a meticulously controlled diet, and impaired wound healing contributes to more in-patient hospital days than any other complication of diabetes. Moreover, impaired wound healing has been judged as a factor in 81% of lower extremity amputations in individuals with diabetes and other chronic diseases. Thus, there is an urgent need first to understand the underlying mechanisms of impaired wound healing and second to develop an effective strategy to accelerate the processes of tissue repair under various pathological conditions.

Mammalian cells and tissues with phenotypic features of diabetes, low-grade chronic inflammation or hypercortisolemia often exhibit high levels of reactive oxygen species (ROS), leading to a heightened state of oxidative stress (HSOS). ROS can act as signaling molecules, and also cause damage to proteins, lipids and nucleic acids. ROS have previously been shown to be involved in the development of insulin resistance, as well as to disrupt the process of tissue repair. Growth-promoting polypeptides, including insulin and IGF1, are also involved in tissue repair mechanisms. Notably, evidence exists supporting the concept that IGF1 uses the same intermediates as those of the insulin signaling cascade, suggesting that common mechanisms function in IGF1 resistance and insulin resistance.

**Results**

Here, the authors explore whether ROS plays a crucial role in connecting IGF1 resistance with impaired wound healing using experimental systems representing pathological conditions that are associated with HSOS. They confirm that HSOS and the attenuation in IGF1-induced activation of the canonical phosphatidylinositol-3-kinase (PI3K)-Akt pathway are characteristic features of diabetic, inflammatory and hypercortisolemic fibroblasts. This IGF1 resistance is associated with impairments in key fibroblast functions that are essential for wound healing, including collagen synthesis, cell proliferation, cell migration and cell contraction in vitro. These impairments are minimized by inhibiting the activity of ROS using antioxidant treatment. In vivo, the capacity of IGF1 treatment to stimulate cutaneous ulcer healing was diminished in rats with diabetes or hypercortisolemia, compared with control rats without disease. In line with in vitro data, the capacity of IGF1 to reduce signs of disease and accelerate wound healing was increased when animals were pretreated with antioxidants.

**Implications and future directions**

The finding that ROS are involved in both IGF1 resistance and impaired wound healing during diabetes and hypercortisolemia has crucial implications for oxidative stress biology. The molecular defects uncovered in this work open up new avenues for therapeutic interventions that might aid in the treatment of non-healing wounds. Future work with human subjects should provide more in-depth evidence-based support for considering ROS inhibitors as pharmacological strategies that aim to reduce the incidence of amputation during chronic diabetes.

In vivo IGF1 sensitivity studies
--------------------------------

IGF1 sensitivity in control, diabetic or hypercortisolemic animals was determined using the RIST protocol with IGF1 (200 μg/kg body weight) being infused instead of insulin ([@b61-0050375]; [@b42-0050375]). The RIST index is the amount of glucose per kg body weight required to maintain euglycemia following a bolus of insulin (50 mU/kg body weight).

Wound model, drug treatment and macroscopic evaluation
------------------------------------------------------

Animals derived from various experimental groups were anesthetized by i.p. injection of 90 mg ketamine + 10 mg xylazine/kg body weight, and their back skin was shaved, depilated with Nair and cleaned with 70% alcohol. Six bilateral full-thickness excisional wounds (8 mm in diameter) that were equidistant from the midline were created on the dorsorostral back skin. Wounds were separated by a minimum of 1 cm of uninjured skin. The IGF1 therapeutic regimen included a combination of IGF1 and IGFBP1 (5 μg IGF1 and 1.5 μg IGFBP1), which were applied every other day to the wound in a vehicle of pluronic acid in PBS solution (300 mg/ml, 250 μl total volume per wound). The aforementioned doses of IGF1 and IGFBP1 have previously been shown to be optimum in promoting the skin tissue repair mechanism in rats ([@b29-0050375]). Wounds were photographed at 0 and 7 days after wounding using a Sony D-9 digital camera. The wound area was analyzed using Adobe PhotoShop (version 7.0; Adobe Systems) and the percentage of wound closure was derived by the following formula: \[1 -- (current wound size/initial wound size)\] × 100. The 7-day period post-wounding is a crucial time for healing ([@b38-0050375]) and shows significant activity in response to IGF1 ([@b29-0050375]; [@b3-0050375]).

Isolation of cells from wounds
------------------------------

Cells from 7-day-old wounded tissues were isolated as described ([@b59-0050375]) and plated in 60-mm culture dishes or microtiter plates. Key parameters related to oxidative stress, including ROS and protein carbonyls, were assessed as outlined above.

Statistical analysis
--------------------

Data are expressed as the mean ± s.e.m. One-way analysis of variance with Bonferroni post hoc validation or the Mann-Whitney test was used to compare data derived from various experimental groups. A level of *P*≤0.05 was considered to be significant.
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